Background: Diffusion tensor imaging (DTI)-based tractography is a noninvasive in vivo method for tracing white matter bundles. This raises possibilities for qualitative and quantitative assessment of the structural organization of tracts. Nevertheless, questions remain about neuroanatomical accuracy, reproducibility for clinical purposes, and accessibility of the best method for broader application. The aim of this study was to combine the fiber dissection technique and tractography to provide more pertinent insight into brain anatomy and, as a result, to test a protocol for reconstruction of six major frontal lobe tracts. Methods: A combination of fiber dissection of formalin-fixed brain tissue after freezing (Klingler's technique) and virtual dissection (tractography) was used to develop a protocol to reconstruct major frontal tracts. Apparent diffusion coefficient (ADC), fractional anisotropy (FA), number of voxels (NVO), volume (VOL), number (NTR), and length (LEN) of tracts were evaluated to assess intra-and interobserver reproducibility. Statistical reliability was evaluated using intraclass correlation coefficients (ICCs) and the Pearson association coefficient (r). Results: The virtual dissection obtained by tractography seemed to reproduce the anatomic knowledge of the white matter tracts obtained through the classic method. In reliability study, most ICC and r values corresponded at least to large correlation. The magnitude of correlation was very high (ICC 0.7-0.9) or almost perfect (ICC 0.9-1.0) for the FA and ADC measures of every tract studied. Conclusion: The DTI protocol proposed herein provided a reliable method for analysis of reconstructed frontal lobe tracts, especially for the FA and ADC variables.
INTRODUCTION
Tractography based on diffusion tensor imaging (DTI) has enabled exploration of the white matter in a unique way. Through mathematical analysis of the diffusion properties of water molecules in the parenchyma, white matter bundles can be recreated in three-dimensional (3D). This has made actual virtual dissection of the human brain and structural quantitative analysis of the brain a possibility, which allows the integrity of selected tracts to be estimated.
Despite the existence of many different applications for tractography in the neurosciences, no method for identifying bundles is uniform across different research projects. [21] Furthermore, even tractography atlases are not unanimous [ Table 1 ] [4, 30, 29, 7, 6, 20] , in particular with relation to three aspects: (1) the presence of comparisons between magnetic resonance imaging (MRI)-recreated bundles and anatomic dissections, using a specific method; [27] (2) the presence of reproducibility studies; and (3) the degree of accessibility for general radiologists. The ideal method is still being sought; that is, one which does not involve manual region of interest (ROI) selection, is not time consuming, is accessible for both clinical and research applications, and identifies tracts in a manner that is automatic, reproducible and faithful to anatomy, even when structural damage is present.
Currently, anatomical knowledge is still indispensable, whether to conceive an atlas or to interpret results. Therefore, the traditional fundamentals of anatomy, acquired with the classical fiber dissection technique, have paradoxically become even more relevant for critical judgment of tractography findings. In this study, the fiber dissection technique was used to provide anatomical knowledge to serve as the foundation for a DTI-based virtual dissection and for the development of simplified protocols for major frontal lobe tracts. The reproducibility of these protocols was then tested by raters who had no previous tractography experience (intra-and interobserver reliability).
MATERIALS AND METHODS

Anatomic study Fiber dissection technique (Klingler's technique)
The fiber dissection technique involves layered dissection of the cerebral white matter to reveal the internal anatomic organization of the parenchyma. As an improvement to this method, Klingler et al. demonstrated that, when specimens are frozen, formalin crystals are formed. As they expand, these crystals separate the fibers, making dissection easier. [27] This method has been revived by contemporary authors and once more presented as the best way of learning about the 3D anatomy of the brain. [8, 27] In this study, two adult human brain specimens were fixed in a 10% formalin solution for at least 2 months. The specimens were washed and then frozen at a temperature of −15°C for 1 week. After this period, they were immersed in water until thawed and dissection was begun with the aid of a surgical microscope (6x and 40x magnification). The anatomical specimens were stored immersed in 5% formalin solution between dissection sessions.
Dissections were basically performed using wooden spatulas, starting from the lateral surface. As the cortex is scraped away with the spatula, a difference can be felt between the consistency of the cortex and underlying white matter; the former is porous and friable, whereas the latter is firm and can be peeled away in layers. Removal of the cortex and successive layers of fibers progressively reveals the deeper anatomy. We followed a clear and objective guide to the procedure written by Ture et al., [27] covering the stages of dissection and intended to revive use of this technique by those studying the subject.
The most reliable 3D anatomical findings related to the tracts were compiled and stored to be used in the manual selection of the ROIs during the subsequent work of tract processing on the workstation. In the different regions we selected and investigated, the massive presence of the fibers of each target tract was required. Therefore, the combination of multiple Catani et al. [3] No r FA, VOL, LEN, NTR No 10 observers vs. 1 observer Wakana et al. [27] No kappa, CV FA, PIXELS 1 observer 3 observers** Verhoeven et al. [29] No kappa PIXELS 3 observers 3 observers Danielian et al. [6] No ICC, kappa, CV MD, FA, AD, TD, PIXELS 2 observers 2 observers Ciccarelli et al. [5] No CV VOL, FA 1 observer 2 observers Malykhin et al. [20] No ICC, CV VOL, ADC, FA 1 observer 2 observers Bonekamp et al. [1] No ROIs with these fibers allowed improving anatomical sensitivity and specificity at a later phase.
Those fibers present in two of the ROIs selected based on the anatomical study and the ones showing on the tractography the same morphology found in the dissections will be considered as belonging to the tract being investigated.
Vir tual dissection technique (DTI-based Tractography)
Subjects and imaging DTI-MR images were obtained from our institution's existing data set, including 15 normal subjects (10 male and 5 female). Mean age was 35 ± 8.6 years. All measurements were performed for both hemispheres. Approval was obtained from the local institutional review board.
All scans were performed on a Siemens No interpolation was used. Data were exported to a multipurpose workstation, and the Neuro3D software integrated with an offline-processing Diffusion Tensor and MR Diffusion Tracts (Siemens, Erlangen, Germany) was used to process tracts. This software package provides six quantitative measures of the set of voxels for each reconstructed structure, using the selected ROIs and parameters.
Reconstruction protocol
The authors attempted to reconstruct the same tracts and structures identified in the prior anatomic study, seeking analogy between the virtual anatomy and the dissections. In addition to using existing atlases as a reference, the authors used the 3D knowledge acquired from dissections as a basis for this stage of the study. Whenever the selected ROIs did not allow the characteristic morphology and path of the tract to be reproduced, thresholds, landmarks, and/or ROI tracing were corrected. In other words, if a bundle reproduced from ROIs was not consistent with the conformation expected on the basis of anatomic studies, the authors attempted to optimize the outline of ROIs or the thresholds for angle, fractional anisotropy (FA), and Step Length. Only then were landmarks defined as part of the protocol.
A multi-ROI approach was chosen to reconstruct several tracts of interest, exploiting existing anatomical knowledge of tract pathways. The combination of the selected ROIs and parameters enabled an adequate final reconstruction. Exclusion ROIs were not employed. Landmarks were defined on color-coded maps [ Figures 1  and 2 ].
In this study, we focused specifically on testing reproducibility with six frontal lobe white matter bundles. A reconstruction protocol was created for each bundle, containing a pictorial review of the reconstruction [ together with the information described below.
Superior longitudinal fasciculus
The superior longitudinal fasciculus (SLF) is a massive bundle of association fibers that forms a wide arc around the superior border of the insula, connecting the cortices of the frontal, parietal, temporal, and occipital lobes. The "C"-shaped SLF is the widest association bundle [ Figure 5 ].
A single ROI was placed on the coronal slice on which the cerebral peduncle and basilar part of the pons (transverse fibers are shown in red) could be seen clearly. The ROI drawing includes the green area lateral to the corona radiata (shown in blue), above the superior sulci of the insula, deeply sited in the inferior frontal gyrus [ Figure 2 ]. Thresholds used were angle 30°, FA 0.2, and Step Length 0.68.
Uncinate fasciculus
"Uncinate," from the Latin uncus, means "hook-shaped." This structure curves around the lateral sulcus to connect the inferior and orbital frontal gyri to the anterior temporal lobe. The anterior portion of this relatively short tract is located inferior and medial to the fronto-occipital fasciculus. At its middle portion, the uncinate fasciculus (UNC) becomes adjacent to the fronto-occipital fasciculus, before curving inferiorly and laterally toward the temporal pole and the middle and superior temporal gyri [ Figures 3 and 4 ].
ROIs were placed on the coronal slice on which the anterior commissure and amygdala (best identified on b0) could be best seen in full profile. ROI 1 included the green area lateral to the amygdala, inside the temporal lobe. ROI 2 was located in the green area above the amygdala and medial to the insular cortex, inside the frontal lobe [ Figure 1 ]. Thresholds used were angle 40°, FA 0.2, and Step Length 0.9.
Frontopontine fibers
The internal capsule is a wide, compact bundle of fibers that serves as a corridor of sorts for most projection fibers arising from the brain or leading into it. The anterior limb of the internal capsule is located between the head of the caudate nucleus and the rostral aspect of the lentiform nucleus, and contains the frontopontine fibers (FP) arranged anteroposteriorly [ Figure 5 ]. ROI 1 was placed on the axial slice corresponding to the base of the cerebral peduncle, at the same level as the superior colliculus (best seen on b0). ROI 2 was the green area, delimited above at the level of half of the caudate head nucleus on a coronal slice, including the boundary with the lenticular nucleus [ Figure 2 ]. Marking on the medial limits of this area should be avoided so as not to include thalamic radiation fibers.
The thresholds used were angle 25°, FA 0.2, and Step Length 0.68.
Inferior fronto-occipital fasciculus
This fasciculus connects the frontal and occipital lobes, but in a more inferior and external location. It extends deep into the insula and is closely related to the claustrum in an inferolateral direction. Posteriorly, the inferior fronto-occipital fasciculus (IFO) follows a course parallel to the fibers of the anterior commissure, UNC, and geniculocalcarine tract to contribute to the formation of the sagittal stratum, a broad and complex fiber bundle that connects the occipital lobe to the rest of the brain [ Figure 5 ]. ROI 1 for the IFO is the same as ROI 2 for the UNC. The second IFO ROI was placed on the green area lateral to the atrium of the lateral ventricle (above) and posterior thalamus (below), on the coronal slice showing corpus callosum splenium, atrium and posterior thalamus [ Figure 1 ]. The thresholds used were angle 23°, FA 0.2, and Step Length 0.68.
Genu of the corpus callosum
The genu of the corpus callosum (GCC) is the most voluminous white matter bundle and connects corresponding cortical areas across the two hemispheres, except for the temporal poles, which are connected by the anterior commissure. The fibers of the body of the corpus callosum are arranged transversely, whereas those of the genu curve anteriorly and posteriorly to reach the anterior and posterior poles of the hemispheres [ Figure 1 ]. ROI 1 was placed on the most medial sagittal slice (best seen on b0) where the GCC was seen in full profile. ROI 2 was an entire green region located on the coronal slice immediately ahead of the anterior limit of ROI 1. The thresholds used were angle 20°, FA 0.2, and Step Length 0.68.
Arcuate fasciculus
A segment of the SLF that connects areas of the frontal and temporal lobes. It connects language areas in the left hemisphere [ Figure 5 ]. ROI 1 is identical to the SLF ROI. ROI 2 was placed in the axial slice, corresponding to a thin blue region, lateral to a green area (sagittal stratum), at the level at which the atrium is best seen [ Figure 2 ]. Thresholds used were angle 30°, FA 0.2, and Step Length 0.68.
Intraobserver and interobserver reproducibility
A selection of theoretical information and visual data were compiled on A4 sheets to produce a protocol for each bundle comprising the following: An image of the structure as dissected using the classical anatomic method; a virtual image of the bundle as obtained by tractography; an image showing the color map on which ROIs were selected; a chart providing theoretical information; and the thresholds used to obtain the bundle in question [ Figure 3] . These protocols were then given to two radiologists who were unfamiliar with the method to guide them in reconstructing each bundle. Within 1 week, these observers reconstructed all of the bundles of interest for each of the 30 hemispheres, and then repeated each reconstruction 7 days later. , UNC, IFO, SLF, GCC, and FP). For each observer, the results of the two reconstructions were compared in order to study intraobserver agreement, and the mean results for each observer were used to calculate interobserver agreement.
Intraobserver and interobserver reliability for fiber tracking measurements were determined using the intraclass correlation coefficient (ICC) and Pearson's correlation coefficient (r). For each variable of each reconstructed structure, the mean ICCs and mean intra-and interobserver correlation coefficients were calculated. The results were entered into a spreadsheet for comparison [ Table 2 ]. Data were analyzed using the Statistical Package for the Social Sciences (SPSS) 11.5 software (SPSS Inc., Chicago, IL, USA). According to the criteria defined by Hopkins, [12] an ICC value of 0.0-0.1 is considered "trivial," 0.1-0.2 is "small," 0.3-0.5 is "moderate," 0.5-0.7 is "large,"0.7-0.9 is "very large," and 0.9-1 is "nearly perfect" agreement. Table 2 lists the means for the measures of association (r) and agreement (ICC) achieved by the observers reconstructing the structures UNC, IFO, GCC, FP, ARC, and SLF. The values of r were superior or at least equivalent to the results for ICC for all of the structures and variables. The medians of the variables related to the ICC reached a very high level of agreement for the IFO, GCC, ARC, and SLF structures. The magnitude of intra-and interobserver correlation was very large (ICC 0.7-0.9) or almost perfect (ICC 0.9-1.0) for the FA and apparent diffusion coefficient (ADC) measures of every tract studied. Almost all the variables for the IFO, GCC, ARC, and SLF tracts had ICCs greater than 0.7 for interobserver analyses, the exceptions being NTR of GCC and SLF and LEN of ARC. Between observers, the structures with a better than high level of agreement were the IFO, GCC, ARC, and SLF, specifically for FA and ADC [ Table 2 ]. [7, 17, 30] A perennial question is whether tractography is reflecting the true neuroanatomy. For example, the frontopontine fibers extend into cortical areas. In this study, these superficial projections were not identified [ Figure 5 ], probably because of the massive projection of fibers in the transverse direction (corpus callosum). Another source of inaccuracy, which does not reside in the method per se, is the subjective interpretation of the examiner. For example, even when consulting complete atlases that are considered reference works on the subject, [4, 26] in ignoring the fact that the anterior commissure has an anterior division and a posterior limb together with the fibers of the sagittal stratum, an operator may come to accept an incomplete reconstruction of the structure as being correct [ Figure 5 ]. Therefore, interpretation of the results should be more precise if it is based on a solid anatomic foundation.
RESULTS
Reproducibility measurements
One of the variables involved in bundle identification that is most often debated is use of a manual ROI selection technique. [11, 30] Critics of this methodology claim that the strategy requires anatomic knowledge and training and that it is excessively time-consuming, particularly if the objective is serial reconstruction of several tracts or reconstruction of tracts with more complex paths. [19, 33] In contrast, when using ROIs that are faithful to the anatomy of the tract of interest and are easily identified by the operator, small variations in the way the ROI is drawn do not appear to compromise the performance of the protocol in terms of reproducibility. [14, 30] Along these methodological lines, Wakana et al. [30] developed protocols for reproducible identification of the principal cerebral tracts. In agreement with Wakana et al., [30] the results of this study suggest that elevated reproducibility can be achieved with protocols based on manual ROI selection, as long as they provide relevant and accessible information, even when operators have no experience with the method. Nevertheless, not all tracts and variables are appropriate for simplified manual protocols, and specific testing is warranted.
The search for methods with both accuracy and reproducibility has motivated several authors to publish their techniques. [13, 19, 23, 24, 31] Atlas-based tractography, automatic ROI selection programs and analysis techniques that process pixels for the whole brain have all been proposed as means of controlling human error in ROI selection. [8, 32] Nevertheless, these programs have other potential sources of variability and require detailed postprocessing. The processes involved in transformation of the images that have been thus acquired demand anatomic deformations that may be insufficient to compensate for the morphological discrepancies between different subjects. [2] It is known that small errors in spatial alignment can produce significant reorientation errors in the diffusion tensors. [28] Furthermore, these sophisticated methods require specialist intervention during image processing and very robust computer systems. It is worth noting that automatic reconstruction atlases do not have the versatility necessary to analyze tracts that were not expected to be segmented when the atlas was published, nor the ability to analyze normal structures deformed by the presence of structural damage. Irrespective of the tractography method, the reliability and interpretability of fiber tracking procedures is improved when a priori anatomical information is used as a guide. [10] Over the course of the past century, several methods were developed to enable visualization of white matter tracts through a variety of histological techniques and visualization of axonal transport by means of tracer injection in animal models. [3] Despite the precise and invaluable information provided by these histological methods, they do not allow direct anatomic correlation and are not suitable for clinical studies. Kier et al. [18] proposed a slightly different method for locating and validating white matter bundles by obtaining MRI scans at various stages of dissection of formalin-fixed brains.
In the absence of a gold standard, the fiber dissection technique is the best method for learning the 3D anatomy of the white matter of the human brain. This technique requires an anatomic specimen prepared by freezing and simple instruments for dissection. This method, a valuable exercise that is both hands-on and intellectual, enables acquisition of unique 3D anatomic knowledge about the cerebral white matter.
Few anatomic studies have used DTI-based tractography as a complementary aid. [8, 25] In contrast, few of the numerous recent publications on tractography [16] have attempted to validate their results by comparing them with fiber dissections that the authors themselves have performed. In these studies, arguments as to the actual specificity of identified structures are scant, and recognition is usually based on visual comparison to existing atlases, as well as on "a priori knowledge" or "well-known anatomy." None of these studies used postmortem anatomical investigations as their background. The various articles that present DTI tractography-based protocols for reconstruction of white matter bundles and test their reproducibility [ Table 1 ] share a common absence of de novo anatomical investigation, but diverge in all other aspects of their methodologies.
Combining techniques related to white matter study could improve the understanding of the complex anatomic features of structures. The revival of the fiber dissection technique and its incorporation into neuroscience education should be considered. The reestablishment of white matter fiber dissection as a standard method of study is recommended, regardless of the never-ending search for superior hardware and software resources. We can now affirm that, as advocated by Ture et al., [27] the fiber dissection technique enables clearer definition and provides a keener understanding of the complex structures of the brain. This is a method that provides physicians with a true appreciation of the 3D features of the brain.
In the comparison of the fiber dissection technique and tractography-based virtual dissection, some aspects should be emphasized. Tractography may underestimate axon paths, merely showing a trace in the direction of the mean vector, or may show aberrant traces. In turn, the fiber dissection technique is also limited, mostly by the complex relationships that make up the systems of fibers, which means that revealing one system may cause the destruction of another. Crossing fibers can be hard to identify and unravel even with the aid of the operating microscope, and the boundaries between parallel bundles are often unclear. Because of the complex 3D arrangement of the internal anatomy of the brain, both techniques are only capable of revealing the macroscopic anatomy of the principal fiber bundles, being unable to accurately reveal all of the bundles present (e.g., the complex system of short fibers) or the connections along their paths. A combination of these two techniques offers reciprocal advantages. The anatomical knowledge gained by fiber dissection allowed a more criterion-based selection of ROIs and made judgment of the quality of tracts reconstructed by the diffusion tensor a more conscious process. In turn, tractography makes it possible to store the reconstructed, 3D images of the tracts and present them as the operator wishes; segmented images can be shown at the same time, using different colors, to reveal the complex relationships between the fiber systems.
While there is no 100% accurate, automatic, reproducible, and widely accessible method for tract identification and reconstruction, the tried and true fundamentals of brain anatomy as learned by means of the classic fiber dissection technique could become, paradoxically, more relevant. This approach (combination of anatomic techniques) should reduce the number of false positives, but perfect accuracy of anatomic findings is unlikely.
Although it is difficult to completely characterize the accuracy of both tractography and fiber dissection, we can measure the reproducibility of tractography. It is advocated that the reliability of quantitative measurements derived from any tractography technique should be assessed before clinical application. [6, 30] If a protocol can define feasible coordinates and offers an estimate of its own reproducibility, its use for detecting systematic differences between patients and controls becomes more relevant as a tool for clinical research. Nevertheless, there does not appear to be a consensus on including reproducibility studies when publishing cerebral tractography atlases. Moreover, differences in methodology preclude any direct comparisons between studies [6] [ Table 1 ].
Even though FA is not the best measure for spatially distinguishing between tracts, it can be affected by many factors, and has a narrow range, [6] most studies involving DTI have focused on FA and ADC measurements, which shows the importance of assessing the reproducibility of these tract parameters in this study. In many neurological diseases, DTI has shown that these diffusion properties are altered in comparison with healthy controls. [9, 15, 22] Morphological interpretation of reconstructions and of quantitative diffusion data is challenging. As Ciccarelli [5] has pointed out, the use of tractography has been restricted to specialized institutions that have the infrastructure needed to use robust and clinically applicable techniques. In the absence of a consensus between authors on the ideal tractography method, or even on a method that can be used more widely, it is reasonable that each center should undertake its own preliminary reproducibility studies. Thus, the estimated reproducibility of the protocol used in subsequent studies could be made explicit, and would take into account the specific human and technological resources available.
CONCLUSIONS
The objectives of this paper were to develop a simplified protocol based on the fiber dissection technique for reconstructing major frontal lobe tracts and to test its reproducibility. In addition to presenting the findings of our objective statistical analysis, this paper aims to encourage a revival of fiber dissection and promote further studies on the combined use of these techniques. The authors believe that the findings of classical anatomic dissection and those of MRI-based virtual dissection are visually comparable and complementary in understanding the 3D structure of the white matter of the brain.
We were able to demonstrate an appropriate level of reproducibility for most fiber tracking measurements in relation to the white matter bundles tested. Our results
